converted after radiation treatment (9, 10) . However, virally
Treatment of Syrian hamster fetal cells (SHFC) with ioniz-
immortalized human cells only allow the study of late radiation ing radiation resulted in the establishment of 21 transeffects. Moreover, because the viral components of these formed cell lines. Relative to unirradiated controls, cells systems have themselves oncogenic potential, it is possible from early post-irradiation passages (p.3) showed marked that the mechanisms of neoplastic conversion of virally morphologic alterations, increased growth rate and immortalized cells or cell hybrids may not truly represent extended life span, and they were contact-inhibited and those by which radiation alone could induce neoplasia. In not tumorigenic in nude mice, although they became addition, molecular analyses of some of the available human tumorigenic after extended passaging in culture (p. Ͼ 30).
systems have not identified specific sequences directly impli-
Differential mRNA display analyses of normal cells (84-3)
cated in radiation transformation. and radiation-initiated cell lines at early passage showed Animal cells are much less refractory than human cells to that the latter contained increased steady-state levels of neoplastic conversion by chemical or physical carcinogens. the precursor (4-fold) and mature (1.
7-fold) transcripts
For this reason, rodents have been used frequently both of the mitochondrial (mt) gene encoding the subunit I of in vivo and in vitro for radiation carcinogenesis studies.
cytochrome c oxidase (CO I). These molecular alterations
However, in vivo irradiation of mice and rats resulted in the were consistently observed in 57% of the irradiated (HDR) preferential point-mutational activation of proto-oncogenes of cell lines, and were stably maintained during continuous the ras gene family. Although these systems provided useful passaging (p. Ͼ 50). Further analyses of one of these cell evidence suggesting that different qualities of radiation lines (HDR-3) demonstrated that the accumulation of CO cause different spectra of ras point mutations (11) (12) (13) , they I precursor transcripts was the result of mRNA stabilization seemed biased towards detecting activated ras genes. Most and increased replication and/or amplification of the mt studies on radiation-induced transformation in vitro used the DNA. Radiation-initiated cells contained elevated levels of C3H/10T1/2 immortalized mouse embryo fibroblasts (14) . This the CO I protein, showed a 75% reduction in cytochrome system was very useful to define parameters to optimize c oxidase (CO) activity, and a 5-fold increase in the transformation efficiency. However, this system only models concentration of hydrogen peroxide secreted into their the final stages of the carcinogenic process, and although the culture medium compared with cells with no alterations in presence of distinct transforming genes has been reported in CO I mRNA processing. Our findings suggest that altera-C3H/10T1/2 cells transformed with X-rays (15, 16) , they remain tions in mt CO I processing may play a role in the neoplastic to be identified. conversion of mammalian cells by ionizing radiation.
The formation of colonies of Syrian hamster transformed cells provides a rapid assay that parallels in vivo and in vitro systems (17) (18) (19) . In this assay, fetal cells are exposed to Introduction carcinogens prior to, or subsequent to, being seeded in culture. Radiation is a natural agent with dual effects on human health.
The hamster transformation system is a rapid, quantitative On the one hand, it is used as a major therapeutic modality bioassay, which uses diploid cells that retain a near diploid for cancer treatment and, at the same time, it can induce a karyotype during carcinogenesis. Furthermore, the SHFC number of neoplastic disorders (1) . However, the molecular spontaneous transformation frequency is extremely low (close mechanisms of radiation carcinogenesis are not fully underto 10 -10 ). Similar to human cells, normal SHFC senesce stood. The use of human cells for in vitro carcinogenesis has in culture. Thus, the hamster model for transformation is been hampered by the difficulty of inducing their neoplastic considered relevant for the study of the biology and molecular conversion by chemical or physical carcinogens before they biology of human carcinogenesis. Moreover, the hamster senesce in culture (2) . Although X-ray-induced transformation system allows the study of initial and late stages in carcinogenesis. to the post-transcriptional loss of the tumor suppressor p53
Cells from subconfluent cultures were collected, washed and lysed in the protein (22) , and the contribution of a growth factor-mediated presence of 1 mM PMSF and 16 µg/ml of aprotinin as described (23 processing and concentration may play a role in the initial
Measurement of cytochrome c oxidase activity stages during the neoplastic conversion of mammalian cells CO activity was measured spectrophotometrically as described by Smith (33) by ionizing radiation.
with minor modifications. Cells were harvested by trypsinization of actively growing cultures, washed twice with PBS, resuspended in 10 mM potassium phosphate buffer, pH 7.0, and disrupted by sonication. CO was solubilized by
Materials and methods
adding dodecyl maltoside to the sonicated extracts to a final concentration of 1.5%. All assays were performed in triplicate. Reaction mixtures contained Cell culture, irradiation conditions and biological characterization of 22.5 µM cytochrome c (previously reduced with dithiothreitol) in 75 mM radiation-initiated cell lines potassium phosphate buffer, pH 7.0 and various concentrations of the cell Normal SHFC (84-3) and the radiation initiated cell lines were cultured as extracts, in a final volume of 1 ml. The rate of oxidation of cytochrome c described (20-23). Tertiary SHFC (75% confluent cultures in 10-cm dishes) was measured by following the decrease in absorbance at 550 nm. exposed at room temperature to 20 Gy of 60 Co gamma rays using a Theratron-80 irradiator (AECL, Ottawa, Canada). Irradiation was done in two fractions
Measurement of extracellular release of hydrogen peroxide of 10 Gy given at 1 day apart at a dose rate of 1.887 Gy/min. At 10 days
Cell cultures (~70-80% confluent) were rinsed twice with basal DMEM after radiation treatment, foci of morphologically transformed cells that medium (20-23) without sodium pyruvate. Then, medium without pyruvate developed in individual replicated dishes were ring-isolated and expanded, supplemented with 4.93 mM p-hydroxy-phenylacetate and 240 µg/ml horsethus generating various HDR ('high dose rate'-derived) cell lines. The radish peroxidase was added to the cells, and the cultures were incubated for HDR-3 cells were selected at random for detailed characterization. Cellular 2 h under normal culture conditions. The media were collected, and the morphology, growth rate, plating efficiency, soft-agar growth and tumorigenihydrogen peroxide released was measured as described (34, 35) . All assays city were determined as described (24) . The mt content of the various cell were carried out in triplicate. types was determined by rhodamine-123 staining (25) .
Nucleic acids extraction and analysis

Results
High molecular weight DNAs from normal and HDR cells were extracted from 90% confluent cultures and analyzed by Southern hybridization as Establishment and biological characterization of radiationdescribed previously (20). Total RNAs from normal and radiation-initiated initiated SHFC lines SHFC were extracted and analyzed by northern hybridization as described (21, 22, 26) . Hybridizations were carried out under high stringency conditions Treatment of normal SHFC (84-3) with ionizing radiation (27) using double-stranded DNA fragments as probes, which were radiolabeled resulted in the appearance of foci of transformed cells within by random-priming in the presence of (α- 32 control cells decreased with further passaging, whereas the and 160 min) after adding actinomycin D, RNA was prepared as described HDR cell lines were still proliferating in culture, more than above, and the resulting northern transfers were hybridized with the appropriate probe, and exposed to X-ray film. The relative transcript abundance was 60 passages beyond the typical SHFC life span. Figure 1 determined by densitometric analysis of several autoradiographic exposures.
shows changes in the morphology of HDR-3 cells, at early Figure 1A ). Early after irradiation described above (26) , were treated with RQ1 RNase-free DNase (Promega the B6 probe.
The nucleotide sequence of the B6 fragment was determined. Sequence homology searches of the GenBank and EMBL to consider the HDR-3 cell line as an adequate model for the DNA databases revealed that B6 had a 77% identity to a multistage neoplastic conversion of SHFC, and to use it at portion (nucleotides 5715-5993) of the mouse mt CO I gene different passages for studying genetic alterations involved in (37) . The high extent of sequence homology between B6 and the process of radiation-induced neoplastic conversion.
the CO I gene indicated that B6 most likely represented the Increased steady-state levels of mt precursors for CO I mRNA hamster CO I gene. In order to confirm whether B6 truly derived from the hamster mt CO I gene and to investigate Because preliminary experiments demonstrated that HDR cells had no alterations in the genomic status or expression levels further the apparent genetic alteration, we proceeded to clone the full-length B6 cDNA. Screening of a cDNA library prepared of various oncogenes and tumor suppressor genes (fos, jun, ras, raf, myc, p53) known to participate in the cellular radiation from HDR-3 cells with B6 as the probe resulted in the isolation of two independent clones, P1 and P14, with inserts of 1.5 kb response (data not shown), our approach to identify genetic alterations in early-passage HDR-3 cells involved differential and 2.1 kb, respectively. Nucleotide sequence analyses showed that the P1 cDNA insert was 85% homologous to the mouse mRNA display analyses (28) in comparison with unirradiated 84-3 cells. A cDNA fragment of~300 bp, designated B6, was mt CO I gene, but was lacking the first 37 bp relative to the murine sequence, and that the insert in P14 had the same detected as being differentially displayed, presumably upregulated, in p.3 HDR-3 cells (Figure 2A) . Hybridization of level of homology with a region of the mouse mt genome encompassing most of the mouse CO I gene (except the 5Ј total RNA from 84-3 and p.3 HDR-3 cells with purified B6 DNA as the probe demonstrated that B6 was indeed differenti-308 bp) plus the entire gene coding for the CO subunit II (CO II). Figure 3C shows the location of the B6 fragment and the ally expressed between normal and HDR cells. As shown in Figure 2B , the B6 probe detected significantly increased steady-P1 and P14 cDNA clones relative to the mouse mt DNA. When used as probes for Northern hybridization analyses, the state levels of two transcripts of~2.3 kb and 2.8 kb in p.3 HDR-3 RNA; B6 also detected a third transcript of~1.8 kb P1 and P14 cDNA inserts recognized the same transcripts that hybridized with the B6 probe in 84-3 and early passage HDR-3 cells ( Figure 3A ). In addition, the P14 cDNA probe also proteins were detected only in extracts from the HDR cells. detected a fourth mRNA species of~0.7 kb, which was not One of them corresponded with the size of the mt CO II differentially expressed between normal and HDR cells ( Figure  (25 kDa) . The sizes of the other polypeptides did not match 3B). The reported sizes for mouse CO I and CO II mature those previously described for other CO subunits in other mRNAs are 1.8 kb and 0.8 kb, respectively (38) . The existence species (42), and most likely represent either hamster-specific of steady-state levels of mt polycistronic mRNA precursors CO subunits or aberrant mt products. for the CO I and CO II mature transcripts has been also Reproducible deregulation of mt precursors for CO I mRNA described (39). Specifically, a 3-kb mRNA species has been in SHFC in response to ionizing radiation. identified as a mRNA precursor for CO II in rat hepatoma Similar to HDR-3 cells, increased steady-state levels of both cells (40). Taking into account the mode by which the mt 2.3 kb and 2.8 kb mRNA species were detected also in 11 of mRNA is transcribed (41), our data strongly support that the the remaining 20 independent HDR cell lines (Figure 4) . The 2.8-and 2.3-kb mRNA species that accumulate in HDR-3 intensity of the signal was not equal in all of them, but it was cells represent mt mRNA precursor transcripts encompassing always higher than that detected in 84-3 cells, indicating that the CO I and CO II cistrons, whereas the two smaller transcripts this alteration is a frequent event (57% incidence) among (1.8 and 0.7 kb) correspond to the mature CO I and CO irradiated SHFC. Similar results were obtained when hybridiza-II mRNAs.
tions were performed with the P1 cDNA insert (data not shown). To determine if overexpression of mt RNA precursors for Molecular basis for the accumulation of mt CO precursor CO I and CO II affected CO I protein levels, Western blot transcripts in radiation-initiated cells analyses were performed with an anti-human CO I mouse polyclonal antibody (Molecular Probes, Eugene, OR). Cellular
The increased levels of mt-encoded precursor transcripts in HDR cells relative to 84-3 cells may result from an elevation lysates from 84-3, early (p.10) and late (p.52) HDR-3, and early (p.6) HDR-4 and HDR-14 cells were used for this in the rate of transcription of the mt DNA, or from a posttranscriptional increase in RNA stability. Moreover, since mt experiment. The level of CO I (43 kDa) was significantly increased in the three radiation-induced cell lines relative DNA has a rapid turnover (43) , the levels of mt mRNAs could be regulated simply by altering the amount of template DNA. to normal cells ( Figure 3D ). Several other immunoreactive in this background of constant nuclear DNA. Hybridization was carried out using a [ 32 P]dCTP-labeled B6 cDNA fragment as probe. As shown in Figure 6A and B, there was a significant increase in mt DNA levels in the early passage of the radiation- mitochondria per cell. To investigate these alternatives we examined the number of mitochondria in 84-3 and early and late passage HDR-3 cells by staining with rhodamine 123, a Since the rate of increase in the precursor levels is not reflected fluorescent probe specific for the localization of mitochondria in a parallel increase in the mature mRNAs in HDR-3 cells, in living cells (25) . Results from five replicated experiments these mechanisms must be followed by a limited primary demonstrated that the number of mitochondria per cell dimintranscript processing activity. To determine whether mt RNA ished with increasing passage number in the irradiated cells stabilization contributed to the elevation in the mt CO I and relative to the normal 84-3 cells ( Figure 6C ). CO II precursor RNA levels, the effect of actinomycin D on Altered processing of CO I mRNA correlates with decreased the half-life of these RNA species was studied in the HDR CO activity and increased production of hydrogen peroxide. cell lines relative to normal cells ( Figure 5 ). The 2.8-kb and 2.3-kb mRNA precursors were not detectable 80 min after Efficient functioning of the CO complex requires a tight coordination of the level of production of its nuclear and actinomycin D was added to 84-3 cells ( Figure 5, top panel) , whereas in the case of HDR-3 cells they were not degraded even mitochondrial components, and of their assembly. To investigate whether the observed increase in CO I ( Figure 3D ) had 160 min after treatment ( Figure 5, bottom panel) . Densitometric scanning of the signals for the RNA precursors and the β-any effect on CO activity, we measured CO in normal (84-3) and irradiated (HDR-3) cells. Relative to the level in extracts actin used as loading control showed that the half-life of the precursor transcripts in 84-3 cells was~65 min, whereas in from normal cells (2.11 Ϯ 0.08 units/mg protein), those from HDR-3 cells showed a 75% reduction in CO activity HDR-3 cells their half-life increased to Ͼ160 min.
To test whether the increase in mt RNA levels was secondary (0.53 Ϯ 0.06 units/mg protein, P Ͻ 0.001 by t-test analysis).
Reasoning that this decrease in CO activity could result in to increases in mt DNA, Southern transfers of total DNA were prepared from 84-3 and early (p.10) and late (p.52) passage a partial blockade of electron flow through respiratory complexes, thus favoring their auto-oxidation and release as reactive HDR-3 cells. The amount of mt DNA is~1% of the total cell DNA (44). Therefore, if the same amount of total DNA is oxygen species, we measured the release of hydrogen peroxide into the medium of HDR-3 cells, relative to that of cells transferred, a change in the level of mt DNA should be obvious expressing normal levels of CO activity. Our results showed might have caused an imbalance in their regulation and the subsequent decrease in CO activity in radiation-treated HDR that HDR-3 cells secrete~5-fold more hydrogen peroxide than 84-3 cells (5.5 Ϯ 1.2 vs 1.05 Ϯ 0.8 nmol/mg protein/h; P cells. CO decrease correlates with increased H 2 O 2 production during aging in insects and mammals, and the experimental Ͻ 0.01).
induction of a partial decrease in CO activity has been found to lead to the stimulation of mitochondrial H 2 O 2 production Discussion in the housefly (54). We have described recently that HDR cells produce TNFα and contain elevated levels of MnSOD From the very early passage, SHFC exposed to 60 Co gammaray were morphologically altered, their life span extended well (55). Although these characteristics may be important determinants for the observed increase in H 2 O 2 production, it is beyond that of unirradiated 84-3 cells, and ultimately acquired a fully neoplastic phenotype. Cell death was not predominant very likely that decrease in CO activity resulting from the imbalance between the levels of CO I and CO II and the other in early passage cultures of irradiated SHFC, whereas the growth rate of unirradiated cells decreased with continuous CO subunits, also contributes to the generation of a pro-oxidant state that will favor the process of neoplastic transformation. propagation. Similar results were obtained with 21 HDR cell lines established from independent radiation transformation However, the precise role of the CO I/CO II deregulation in radiation transformation remains to be elucidated. experiments, strongly indicating that the observed effects were due to the radiation treatment and not to spontaneous events, Since Warburg (56) postulated a role for heritable mt changes in carcinogenesis after realizing that tumor cells had respiration which is in agreement with the low rate (6.1ϫ10 -10 ) of spontaneous transformation typical of SHFC (45). HDR-3 defects, a number of reports have indicated that mt are important in some pathways leading to neoplastic transformacells expressed a fully malignant phenotype after a relatively extended period of time. A requirement of long progression tion (57, 58) . Differences in mt morphology, number, and enzymatic constituents have been described for various tumor periods for the expression of neoplastic traits following treatment of SHFC with 5-bromodeoxyuridine (BrdUrd) and near cell lines. Although many are due to misprogramming of proteins encoded in the nucleus, some may result from changes UV radiation has been reported (46) . In this case, although morphologic transformation and somatic mutations were in mt DNA caused by carcinogens. Indeed, mt DNA is constitutively more accessible to carcinogen attack than nuclear detected within 5-10 cell divisions, the tumorigenic phenotype was only apparent after 53 passages.
DNA because it is not protected by histones, and the mt DNA damage repair systems are poorly efficient. Our results on the Enzymes in the mt respiratory chain are multisubunit proteins. Some of their subunits are encoded by the nuclear characterization of the HDR cell lines support the notion that the mechanism of radiation carcinogenesis in SHFC involves genome and others by the mt genome. The mt subunits carry out the basic role of electron transport while the nuclearsome form of mt genetic instability, which affects CO I transcript processing and, consequently, the cellular concentraencoded subunits are believed to perform regulatory roles (47) . Alterations in the expression of mt genes may be caused by tion of CO I during the initial stages after exposure to ionizing radiation. changes in their copy number, by transcriptional up-or downregulation of mt mRNA, or by post-transcriptional changes affecting mt mRNA stability. The steady-state levels of pre
